unmodified, methylated, and hydroxymethylated Firefly Luciferase-encoding RNA templates in rabbit reticulocyte lysate showed a decrease in translation of methylated RNAs. In contrast, hmrC-modified templates gave rise to near-control protein levels (Fig. 3B) , suggesting that hydroxymethylation can restore the translation efficiency of previously methylated substrates.
We next sought to assess hmrC in vivo in fruitflies. To determine the timing of dTet expression and of the appearance of hmrC during early embryogenesis of D. melanogaster, we performed quantitative reverse transcription polymerase chain reaction (RT-PCR) to measure dTet transcript levels, and immunoblotting to estimate levels of hmrC. We found that dTet levels correlate positively with hmrC levels during fruitfly embryogenesis ( Fig. 4A  and fig. S13A ). We also analyzed a publicly available database of RNA-seq results from different stages of D. melanogaster development and found that in third-instar larvae, dTet expression is highest in the central nervous system (fig. S13B). These findings suggest that dTet-mediated hydroxymethylation of RNA could play a role in the fruitfly brain. To confirm and extend these observations, we generated transgenic Drosophila flies expressing a GFP-dTet fusion construct under the control of the endogenous dTet promoter (called dTet-Mi). The green fluorescent protein (GFP)-tagged dTet protein was detected throughout the larval brain, the highest levels being detected in the optic lobe and central brain (Fig. 4B) .
It was of interest to assess whether the fly brain contains high levels of hmrC. To this end, in addition to the brain, we used ovary [because this was the organ chosen to show the role of dTet in DNA m6A demethylation (11) ]. We also used another organ, the salivary gland, from which we could extract enough RNA to measure hmrC levels. Quantitative RT-PCR and dot blotting showed higher dTet expression and hmrC content in the brain than in the ovary or in the salivary gland of the fruitfly (Fig. 4C) . Hence, by revealing that the hmrC signal is highest in the brain, these data support the argument for the importance of hmrC in this organ.
We wished to evaluate RNA hydroxymethylation levels in a complete loss-of-function mutant of dTet (fig. S13, C and D). In agreement with recent observations (11), dTet-deficient animals survived through the larval stages but died at the pupal stage (no adult animals survived; n > 5000 dTet-null animals analyzed) ( fig. S13E ). Morphological defects were observed at larval stages: The brains of mutant larvae were smaller than those of normal larvae and showed abnormal organization of neuroblasts in their central part (Fig. 4D) . To quantify the observed changes, we measured the width of the medulla region (based on 20 examined brains). We found it to be significantly reduced in dTet null animals (P < 2.4 × 10
), likely reflecting a lower number of neuroblasts (Fig. 4D) . To measure the effects of dTet loss on the RNA hydroxymethylation level, we performed immunoblotting analyses with antibody to 5hmC on brains from dTet null and wild-type larvae. These experiments showed a decreased hmrC content in the brains of dTetdeficient larvae (Fig. 4E and fig. S14 ).
Our understanding of the posttranscriptional modifications that decorate RNA, a regulatory layer positioned between DNA and proteins, is in its infancy. We have conducted a study addressing the distribution, localization, and function of cytosine hydroxymethylation in RNA, using Drosophila melanogaster as a model. Our work has yielded the following key findings: (i) It provides a picture of the hydroxymethylated transcriptome, (ii) reveals an unrecognized function for hmrC, and (iii) suggests a central role for this RNA modification and dTet in the Drosophila brain. All in all, we expect this study to change the way we think about the roles played by cytosine hydroxymethylation and the Tet proteins. Our findings open new research prospects in an emerging realm of biological regulation: epitranscriptomics. 
*
Genes encoding human b-type globin undergo a developmental switch from embryonic to fetal to adult-type expression. Mutations in the adult form cause inherited hemoglobinopathies or globin disorders, including sickle cell disease and thalassemia. Some experimental results have suggested that these diseases could be treated by induction of fetal-type hemoglobin (HbF). However, the mechanisms that repress HbF in adults remain unclear. We found that the LRF/ZBTB7A transcription factor occupies fetal g-globin genes and maintains the nucleosome density necessary for g-globin gene silencing in adults, and that LRF confers its repressive activity through a NuRD repressor complex independent of the fetal globin repressor BCL11A. Our study may provide additional opportunities for therapeutic targeting in the treatment of hemoglobinopathies.
D
uring human development, the site of erythropoiesis changes from the embryonic yolk sac to the fetal liver and then, in newborns, to the bone marrow, where it persists through adulthood. Coincidentally, there is a "globin switch" from embryonic to fetal globin genes in utero, and then a second switch from fetal to adult globin expression soon after birth. This process has been studied for more than 60 years (1). The latter transition from fetal to adult
hemoglobin is marked by a switch from a fetal tetramer consisting of two a and two g subunits (HbF: a 2 g 2 ) to an adult tetramer containing two a-like and two b-like globin subunits (HbA: a 2 b 2 ). Mutations in the adult globin gene cause hemoglobinopathies such as thalassemia and sickle cell disease (SCD). These diseases are among the most common monogenic inherited human disorders and represent emerging public health challenges (2) . For example, the number of children born with SCD is expected to exceed 14 million worldwide in the next 40 years (3).
Molecular genetic and clinical evidence indicates that elevated levels of fetal-type hemoglobin (HbF) in adults ameliorate SCD and b-thalassemia pathogenesis (1, 4) . Thus, a promising approach is to pharmacologically inactivate a silencer(s) of fetal globin expression in order to reactivate HbF production in adult erythroid cells. Nuclear factors that regulate globin switching have been identified, but how they function cooperatively or independently in fetal globin repression is not fully understood.
Leukemia/lymphoma-related factor (LRF), encoded by the ZBTB7A gene, is a ZBTB transcription factor that binds DNA through C-terminal C2H2-type zinc fingers and presumably recruits a transcriptional repressor complex through its N-terminal BTB domain (5) . To assess the effects of LRF loss on the erythroid transcriptome, we inactivated the Zbtb7a gene in erythroid cells of adult mice (6) . We then performed RNA sequencing (RNA-seq) analysis using splenic erythroblasts from control and LRF conditional knockout (Zbtb7a F/F Mx1-Cre + ) mice (LRF KO mice) (Fig. 1A) . Efficient Zbtb7a deletion was confirmed by Western blot and RNA-Seq reads (fig. S1, A and B) (7). Wildtype mice express two embryonic b-like globin genes: Hbb-bh1 and Hbb-y (8, 9). Although both genes are expressed at early embryonic stages, Hbb-bh1 is the ortholog of human g-globin (10, 11). LRF-deficient adult erythroblasts showed significant induction of Hbb-bh1, but not Hbb-y, with a moderate reduction in adult globin levels ( fig.  S2A ). These results were validated by quantitative polymerase chain reaction (qPCR) ( fig. S2B ). Isoelectric focusing of peripheral blood hemolysates revealed unique bands corresponding to embryonic globin proteins in peripheral blood from LRF KO mice (Fig. 1B) .
We used a humanized mouse model to investigate whether LRF loss would reactivate human fetal globin expression in vivo. To do so, we estab- (12) (fig. S2C ). Human g-globin transcripts, but not those of embryonic b-globin (HBE1), were significantly induced in LRF-deficient erythroblasts and constituted 6 to 12% of total human b-like globins in peripheral blood (Fig. 1C  and fig. S2D ). The magnitude of g-globin induction in LRF/bYAC mice approximated that seen in BCL11A/bYAC mice (13) .
We next determined whether LRF loss could induce HbF in human erythroid cells. To this end, we used human CD34 + hematopoietic stem and progenitor cell (HSPC)-derived primary erythroblasts and determined g-globin expression levels upon short hairpin RNA (shRNA)-mediated LRF knockdown (LRF KD) ( fig. S3A ). LRF expression was markedly induced upon erythroid differentiation over a 2-week period ( Fig. 2A) . LRF KD significantly increased the percentage of g-globin mRNA (Fig. 2B and fig. S3 , B and C) and protein expression ( fig. S3D ) relative to adult globin. HbF levels in LRF KD cells were greater than those seen in parental or scrambled-shRNA transduced cells (Fig. 2C and fig. S3E ). Because LRF KO mice exhibit a mild macrocytic anemia due to inefficient erythroid terminal differentiation (14), we assessed the effects of LRF deficiency on human erythroid differentiation. We observed a delay in differentiation upon LRF KD relative to controls ( fig. S4A and supplementary text) .
HSPC-derived erythroid cells tend to display relatively high basal levels of HbF (Fig. 2C) . Moreover, it is difficult to exclude the possibility that the effects of LRF KD may be the result of a subpopulation of cells expressing aberrantly high HbF 
Mx1-Cre+
Hbb-bt Hba-a1/a2
Hba-x Hbb-bh1 To circumvent these problems, we used a human immortalized erythroid line (HUDEP-2), which undergoes terminal differentiation upon doxycycline removal ( fig. S5A) (15) . This line possesses an advantage over lines currently used for globin switching studies because it expresses predominantly adult hemoglobin (HbA), with very low background HbF expression (15) . Using CRISPR/cas9 gene modification, we knocked out ZBTB7A in HUDEP-2 cells (fig. S5B ). We did not observe a significant difference in erythroid differentiation between control and ZBTB7A KO HUDEP-2 cells, as evidenced by morphologic and fluorescence-activated cell sorting (FACS) analyses ( fig. S5, C and D Fig. 3 . LRF occupies the g-globin gene and maintains local chromatin compaction. LRF ChIP-seq and ATAC-seq signals at the b-globin cluster (HUDEP-2 cells) are shown, along with ChIP-seq enrichment for GATA1, KLF1, and TAL1 (25) . Regions showing statistically significant ATAC-seq differences between LRF KO and wild-type HUDEP-2 cells are depicted in red. Because of high sequence similarity of HBG1 and HBG2, we analyzed LRF occupancy sites at the g-globin locus using two different mapping methods: one mapping all mappable fragments ("LRF all") and the other mapping only uniquely mappable fragments ("LRF uniquely mapped"). In the "LRF all" track, fragments mappable to either HBG1 or HBG2 were randomly distributed between both genes (marked by asterisks). gene expression changes promoted by ZBTB7A deletion, we performed RNA-seq analysis. Wildtype HUDEP-2 cells exhibited gene expression patterns similar to those of HSPC-derived basophilic erythroblasts ( fig. S6 ). As expected, g-globin transcripts, but not those of embryonic e-globin, were markedly induced in ZBTB7A KO HUDEP-2 cells (Fig. 2D and fig. S7A ). Levels of adult b-globin transcripts in ZBTB7A KO cells were approximately half those seen in control cells (fig. S7A) ; g-globin transcripts constituted more than 60% of total b-like globins ( fig. S7B) . Induction of g-globin was also validated at the protein level ( fig. S7 , C and D). We then established three independent ZBTB7A KO HUDEP-2 clones ( fig. S7E ) and determined HbF levels in each by high-performance liquid chromatography (HPLC). All three clones exhibited HbF levels greater than 60%, whereas that of parental cells was less than 3% (Fig. 2E) . Notably, the HbF reactivation occurred without changes in levels of transcripts encoding known HbF repressors, including BCL11A ( fig. S7F ). BCL11A protein levels were also unchanged in ZBTB7A KO cells ( fig. S5B ).
To determine LRF occupancy sites genome-wide, we performed chromatin immunoprecipitation and sequencing (ChIP-seq) with an antibody to LRF, using HSPC-derived proerythroblasts and HUDEP-2 cells. These experiments exhibited strong correlations and concordance among the replicates ( fig. S8A ). We identified 5684 and 10,385 LRF binding sites in HSPC-derived proerythroblasts and HUDEP-2 cells, respectively ( fig. S8B) . The most enriched motif identified in either cell type was consistent with that previously identified in vitro using CAST (cyclic amplification and selection of targets) analysis (16), confirming antibody specificity (figs. S9 and S10). Genes differentially expressed in control and ZBTB7A KO cells
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−13 for undifferentiated and differentiated conditions, respectively). It is also notable that LRF occupancy sites differ from those of the known g-globin repressors SOX6 and BCL11A (17) (fig. S8C ).
In support of a direct role of LRF at the b-globin cluster, we observed several significant LRF-ChIP binding signals at adult (HBB) and fetal (HBG1 and HBG2) globin genes and at upstream hypersensitivity (HS) sites within the locus control region (LCR) (Fig. 3 and supplementary text) . To assess the local chromatin accessibility at the b-globin cluster in the presence or absence of LRF, we performed ATAC-seq [assay for transposaseaccessible chromatin with high-throughput sequencing (18)]. In control HUDEP-2 cells, the HBB gene and LCR HS sites, but not the g-globin genes, exhibited ATAC-seq nucleosome-free signals (Fig.  3) . In contrast, strong chromatin accessibility was evident at the g-globin genes in ZBTB7A D/D cells before differentiation, and the signal was amplified upon differentiation. Strikingly, differential enrichment of ATAC signals in ZBTB7A D/D cells was evident only at the g-globin genes ( Fig. 3) but not at the HBB gene or HS sites, indicating that chromatin in the latter is accessible regardless of ZBTB7A genotype. Thus, although LRF binds to the HBB gene and HS sites as well as to the g-globin genes, LRF depletion specifically opens chromatin at the g-globin genes.
To identify a repressor complex interacting with LRF in an unbiased fashion, we performed a yeast two-hybrid screen with the human LRF-BTB domain as bait. A total of 360 positive clones were processed out of 52.1 million potential binding events. LRF-interacting proteins with high confidence included four ZBTB proteins, three NuRD/CHD family proteins, and two chromatin remodelers ( fig. S11, A and B) . Given their abundance in erythroid cells ( fig. S12A ) and their potential repressor function, we focused on three factors (GATAD2B, CHD3, and CHD8) for further validation. Interactions of LRF with each were validated by immunoprecipitation ( fig. S12B ). Because NuRD complex components are implicated in globin switching (17, 19, 20) , we examined the LRF-GATAD2B interaction in more detail. Immunoprecipitation of human proerythroblast lysates with an antibody to LRF pulled down GATAD2B and other NuRD complex components (Fig. 4A) . The interactions were also validated in mouse erythroid cells ( fig. S10C) . Although BCL11A reportedly interacts with NuRD components (21, 22) , we did not detect BCL11A in the NuRD complexes containing LRF in either human or mouse erythroid cells (Fig.  4A and fig. S12C ). For reciprocal validation, we performed immunoprecipitation in human erythroid cell lysates with antibodies to GATAD2B or MTA2; as expected, both antibodies pulled down LRF (Fig. 4B) . BCL11A was readily detected in MTA2-containing protein complexes, as reported (22) . Consistent with our findings, LRF was not identified as a BCL11A-interacting protein in proteomic affinity screens in erythroid cells (21, 22) .
Finally, to determine whether LRF and BCL11A suppress g-globin expression via distinct mechanisms, we established ZBTB7A/BCL11A doubleknockout (DKO) HUDEP-2 cells ( fig. S12D ) and compared HbF in these cells to that in ZBTB7A or BCL11A single-KO HUDEP-2 cells. DKO cells exhibited a significantly greater fetal/adult b-globin ratio than did either ZBTB7A or BCL11A single-KO cells ( fig. S12, E and F) . The HbF levels of DKO cells were at 91 to 94% of total Hb (Fig. 4, C and D These data suggest that LRF and BCL11A represent a primary fetal globin repressive activity in adult erythroid cells ( fig. S13 ).
Our results show that LRF is a potent repressor of embryonic/fetal b-like globin expression in adult erythroid cells. We postulate that LRF depletion opens local chromatin at the g-globin genes, thereby enabling erythroid transcriptional activators to induce g-globin expression. Furthermore, we propose that LRF silences g-globin expression independently of BCL11A, as implied by our observations that (i) LRF inactivation in mice specifically reactivates Hbb-bh1, but not Hbb-y, expression, whereas BCL11A depletion induces both of these embryonic globins (13); (ii) LRF directly binds to the HBG1 gene, whereas BCL11A reportedly targets intergenic region(s), the LCR, and sequences between HBG1 and HBD (17, 23); (iii) the LRF-NuRD complex in adult erythroid cells lacks BCL11A; and (iv) ZBTB7A/BCL11A DKO HUDEP-2 cells exhibit significantly greater g-globin expression than do either ZBTB7A or BCL11A single-KO cells.
Our work suggests that the two NuRD-associated pathways, in which LRF and BCL11A are respectively involved, are responsible for turning off fetal globin expression in order to switch over to adult globin. These findings may enable the development of therapies to turn on fetal globin expression in individuals with human hemoglobinopathies displaying defective adult globin gene expression.
